Cefiderocol, a novel parenteral siderophore cephalosporin, exhibits potent in vitro activity and in vivo efficacy against most gram-negative bacteria, including carbapenem-resistant strains of Enterobacteriaceae, Pseudomonas aeruginosa, Acinetobacter baumannii, and Stenotrophomonas maltophilia. In phase 1 studies, cefiderocol demonstrated linear pharmacokinetics, primarily urinary excretion, an elimination half-life of 2-3 hours, and a protein binding of 58% in human plasma. Cefiderocol is a time-dependent cephalosporin; the probability of a target attainment at ≥75% of the dosing interval during which the free drug concentration exceeds the minimum inhibitory concentration (ƒT/MIC) for bacterial strains with an MIC of ≤4 μg/mL is likely to be achieved at the therapeutic dose of 2 g over 3-hour infusion every 8 hours in most patients. As expected, renal function markers were the most influential covariates for the pharmacokinetics of cefiderocol for patients with renal impairment or augmented renal clearance (ARC). Dose adjustment is recommended for patients with impaired renal function, and additionally, in ARC patients with creatinine clearance >120 mL/minute, a more frequent dosing regimen (ie, 2 g every 6 hours) was predicted to achieve the target fT > MIC. The single and multiple doses of cefiderocol tested were well tolerated in both healthy subjects and those with renal impairment. Furthermore, neither QT interval prolongation nor drug-drug interaction via organic anion transporters was demonstrated in healthy subjects. Cefiderocol is being investigated in phase 3 clinical studies for the treatment of infections caused by carbapenem-resistant bacteria.
The prevalence of carbapenem-resistant nonfermenting gram-negative bacteria and Enterobacteriaceae worldwide has reached an alarming level and represents a great challenge in all types of infection [1, 2] . In response to the increasing levels of antimicrobial resistance, the World Health Organization categorized these pathogens as high priority to prompt pharmaceutical companies to urgently develop new antibiotics [3, 4] . Although many new antibiotics that have recently been approved or are still under development have demonstrated improved in vitro activity against Ambler class A, C, and D carbapenemase enzymes, they do not have activity against gram-negative bacteria with metallo-β-lactamases or many resistant nonfermenters [2, 5] . Patients with such infections are frequently critically ill or septic, or have multiple comorbidities, and such conditions have a major influence on the pharmacokinetic/pharmacodynamic (PK/PD) profiles of most antibiotics that are currently used in clinical practice [1] . Thus, an improved in vitro potency in addition to a well-characterized favorable PK/PD profile are crucial to achieve both adequate exposure to the antibiotic over the minimum inhibitory concentration (MIC) of the pathogen and clinical cure in patients infected with drug-resistant pathogens [1, 6] . PK/PD profiling of new antibiotics is therefore essential in both preclinical animal models and clinical investigation to understand which pharmacodynamic parameter best correlates with in vivo efficacy and predicts clinical success.
PHARMACOKINETIC ASSESSMENT OF CEFIDEROCOL IN ANIMAL MODELS
β-lactam antibiotics, such as carbapenems and cephalosporins, are well known to exert time-dependent bactericidal activity [6, 7] . Based on available clinical evidence, when β-lactam antibiotics are selected for the treatment of critically ill patients, extended or continuous infusion, with a starting loading dose and therapeutic drug monitoring, are often recommended instead of rapid intravenous boluses to achieve high clinical cure rates [2, 7, 8] .
Cefiderocol, a novel parenteral siderophore cephalosporin discovered and developed by Shionogi & Co, Ltd, exhibits potent in vitro activity against most gram-negative bacteria, including carbapenem-resistant strains of Enterobacteriaceae and nonfermenters Pseudomonas aeruginosa, Acinetobacter baumannii, and Stenotrophomonas maltophilia [9] [10] [11] [12] . This has been described in detail in the article by Yamano in this supplement [13] .
In an extensive preclinical investigation, the results of the studies conducted in neutropenic murine infection models suggest that for cefiderocol the key pharmacodynamic parameter that most closely correlated with bactericidal efficacy was the fraction of the dosing interval during which the free drug concentration exceeds the MIC (% fT > MIC) [14] [15] [16] [17] . The in vivo neutropenic murine thigh and lung infection models, using carbapenem-susceptible and -resistant strains of Enterobacteriaceae, P. aeruginosa, A. baumannii, and S. maltophilia, demonstrated a bacteriostatic effect at approximately 40% to 70% fT > MIC and a bactericidal effect (≥1 log 10 reduction) at approximately 55% to 88% fT > MIC [14] [15] [16] [17] [18] . Furthermore, the in vivo efficacy of cefiderocol was similar in all investigated infection types (ie, systemic, urinary, lung, or subcutaneous) [12, [18] [19] [20] [21] . In immunocompetent rat lung infection models, infected with P. aeruginosa, A. baumannii, Escherichia coli, Klebsiella pneumoniae, or S. maltophilia, rats receiving humanized cefiderocol doses over a 3-hour infusion period vs a 1-hour infusion period achieved greater efficacy [22] [23] [24] [25] . In additional studies, the humanized exposures of cefiderocol in neutropenic murine thigh infection models produced a similar reduction in bacterial density for most of the test pathogens with MICs of ≤4 μg/mL [26] . Thus, bacterial stasis or ≥1 log 10 reduction was observed in 75.0%, 81.8%, 85.0%, and 87.5% of 20 K. pneumoniae, 11 E. coli, 20 P. aeruginosa, and 16 A. baumannii isolates, respectively, although only 2 of 28 strains with MICs of ≥8 μg/mL displayed bacterial stasis or ≥1 log 10 reduction [26] . These data provide the delineation of susceptibility breakpoints for these gram-negative pathogens, identifying an MIC of 4 μg/mL for cefiderocol as determined in iron-depleted cation-adjusted Mueller-Hinton broth medium.
PHARMACOKINETIC AND SAFETY ASSESSMENTS OF CEFIDEROCOL IN HUMANS
The pharmacokinetics, safety, and tolerability of cefiderocol were evaluated in phase 1 single-and multiple-dose studies in healthy subjects [27] [28] [29] and in uninfected subjects with renal impairment [30] . Additionally, a thorough QT/QTc study was conducted to assess the potential effects of a 2 g (therapeutic) and 4 g (supratherapeutic) dose of cefiderocol on the QT interval [31] , and a drug-interaction study evaluated the inhibitory effects of cefiderocol on organic anion drug transporters (OAT) [32] . Pharmacokinetics and safety of cefiderocol were evaluated in patients with complicated urinary tract infection (cUTIs) enrolled into the phase 2 APEKS (Acinetobacter, Pseudomonas, Escherichia, Klebsiella, Stenotrophomonas)-cUTI clinical study [33, 34] .
The population pharmacokinetic analysis was initially performed based on plasma and urine concentrations from healthy subjects and plasma concentration data from subjects with varying renal function [35] . The second population pharmacokinetic analysis was performed including plasma concentration data from patients with cUTI with or without pyelonephritis or acute uncomplicated pyelonephritis (AUP) [36] .
To support the dose rationale of cefiderocol, Monte Carlo simulations were performed to calculate the probability of target attainment (PTA) for each renal function group, including augmented renal clearance (ARC) [37] . The presence of ARC resulting from a hyperdynamic cardiovascular state as a consequence of a systemic inflammatory response results in an increased glomerular filtration rate (GFR), and has been reported in critically ill patients [37] . This increased clearance may lead to reduced exposure to cefiderocol, possibly resulting in decreased efficacy. Therefore, a shortening of the dosing interval may be warranted for patients with ARC.
PHARMACOKINETICS, SAFETY, AND TOLERABILITY IN HEALTHY SUBJECTS
In a phase 1 study, both the maximum plasma concentration (C max ) and the area under the plasma concentration-time curve (AUC) of cefiderocol increased in a dose-proportional manner following administration of single ascending doses within the range from 100 to 2000 mg [27] . Elimination half-life ranged from 1.98 to 2.74 hours [27] . The protein binding was approximately 58% in humans [25] . Cefiderocol is mainly excreted unchanged via the kidneys. With every 8-hour dosing up to 10 days, the steady state is attained within 1 day during multiple-dose administration and there is only a slight accumulation of cefiderocol in plasma [27] . The pharmacokinetic parameters of cefiderocol following intravenous infusion of single or multiple (2 g every 8 hours) doses for 1 or 3 hours are presented in Table 1 . The plasma concentration-time curves of cefiderocol following a single dose of 2000 mg infused over 1 hour or 3 hours are shown in Figure 1 .
In a mass-balance study using [ 14 C]-labeled cefiderocol, renal excretion was found to be the major route of elimination of cefiderocol, with 98.59% of total radioactivity detected in urine and only a minor proportion (2.79%) detected in feces [28, 29] . Cefiderocol was the major radioactive component in urine and accounted for 90.57% of the administered dose. Evaluation of Table 1 the plasma AUC for total radioactivity showed that cefiderocol accounted for 92.3% and pyrrolidine chlorobenzamide, a degradation product, accounted for 4.70%; other metabolites of cefiderocol were present at lower levels (ie, <2% of the plasma AUC for total radioactivity). Total radioactivity was predominantly associated with plasma, with little partitioning into red blood cells [28, 29] . In a thorough QT/QTc study, all point estimates for the time-matched placebo-and baseline-adjusted QT interval corrected using the Fridericia formula (ddQTcF interval), with moxifloxacin being positive control, were <5 msec, and the upper bound of the 90% confidence interval (CI) was well <10 msec at each time point after initiation of the infusion. Thus, single 2 g and 4 g doses of cefiderocol did not prolong the ddQTcF interval, which would have been considered as clinically relevant, and met the criteria associated with a negative thorough QT/QTc assessment [31] .
. Pharmacokinetic Parameters of Cefiderocol Following Intravenous Infusions of Cefiderocol 2 g for 1 or 3 Hours in Healthy Subjects
The phase 1 studies indicated that the single cefiderocol dose of up to 4000 mg and the multiple dose of up to 2000 mg were well tolerated in healthy subjects [27, 31] . In the singledose part of the study, 9 adverse events that might have been related to study drug (ie, diarrhea, abdominal pain, nausea, rash, blood present in urine, increased white blood cells) were reported in the cefiderocol group [27] . In the multiple-dose part of the study, the adverse events that might have been related to cefiderocol were rash, pyrexia, abdominal pain, oropharyngeal pain, headache, increased or decreased blood thyroid-stimulating hormone, elevated liver enzymes, increased blood urea level, blood present in urine, increased white blood cell count, and increased blood creatine phosphokinase [27] . However, similar adverse events were also reported in the respective placebo groups [27] . Cefiderocol is an iron-chelating agent, so blood iron levels were also investigated; however, there was no correlation between the dose of cefiderocol and change in iron levels at any time point [27] .
PHARMACOKINETICS AND TOLERABILITY IN SUBJECTS WITH IMPAIRED RENAL FUNCTION
In the phase 1 renal impairment study [30] , total clearance (CL) and elimination half-life correlated with indices of renal function. Ratios (90% CIs) of AUC in subjects with renal impairment compared with ratios in those with normal renal function were 1.0 (0.8-1.3), 1.5 (1.2-1.9), 2.5 (2.0-3.3), and 4.1 (3.3-5.2) for mild (estimated glomerular filtration rate [eGFR] of 60 to <90 mL/minute/1.73 m 2 ), moderate (eGFR 30 to <60 mL/minute/1.73 m 2 ), severe (eGFR <30 mL/minute/1.73 m 2 ), and end-stage renal disease (ESRD) requiring hemodialysis, respectively, indicating that AUC increases with worsening severity of renal impairment. The C max and fraction of unbound drug in plasma were similar between renal impairment groups and those with normal renal function (ie, protein binding ranged between 53% and 65% at 1 hour and 8 hours across various renal function status). The volume of distribution of cefiderocol was not significantly altered in subjects with renal impairment [30] . Approximately 60% of cefiderocol was removed by hemodialysis of 3-4 hours.
The incidence of adverse events did not appear to have any correlation with the degree of renal impairment. Single 1000-mg intravenous doses of cefiderocol were generally well tolerated in subjects with impaired renal function except for 1 subject whose infusion was discontinued due to urticaria [30] . The most frequently reported adverse event was contact dermatitis (unrelated to cefiderocol), reported for 3 subjects [30] . Furthermore, no clinically significant changes in physical examination, 12-lead electrocardiogram, QTcF/QTcB (QT interval corrected using the Bazett's formula) parameters, or clinical laboratory investigations were observed [30] .
DRUG INTERACTIONS
Drug-drug interactions (DDIs) via transporters are well known in clinical practice [38] , which may require dose modification or close monitoring of adverse events when agents are coadministered. Based on 50% inhibitory concentration values and clinically relevant concentrations of cefiderocol, in vitro studies suggested low or no potential for DDI of cefiderocol for the organic anion transporting polypeptide (OATP) 1B1, multidrug and toxin extrusion (MATE) 1, P glycoprotein, breast cancer resistance protein (BCRP), and bile salt export pump (BSEP); however, inhibitory potential was demonstrated via OAT1, OAT3, organic cation transporter (OCT) 1, OCT2, OATP1B3, and MATE2-K [unpublished data]. These findings indicated the need for clinical DDI studies according to the regulatory guidances [39] [40] [41] . A phase 1 clinical DDI study was conducted to investigate the inhibitory potential of cefiderocol on the pharmacokinetics of substrates of the transporters: (1) furosemide for OAT1 and OAT3; (2) metformin for OCT1, OCT2, and MATE2-K; and (3) rosuvastatin for OATP1B3 [32] . In this study, geometric mean ratios (coadministration [substrate + cefiderocol] / substrate alone) of C max and AUC, and their 90% CIs, respectively, were 1.00 (0.71-1.42) and 0.92 (0.73-1.16) for furosemide (for OAT1 and OAT3), 1.09 (0.92-1.28) and 1.03 (0.93-1.15) for metformin (for OCT1, OCT2, and MATE2-K), and 1.28 (1.12-1.46) and 1.21 (1.08-1.35) for rosuvastatin (for OATP1B3). These results demonstrate that there are no clinically significant effects of cefiderocol on the pharmacokinetics of these substrates. The in vitro and in vivo findings indicate that cefiderocol is unlikely to affect the pharmacokinetics of coadministered drugs that are substrates of gut, hepatic, and renal transporters [32] .
MONTE CARLO SIMULATIONS AND DOSING RATIONALE FOR PATIENTS WITH VARYING RENAL FUNCTION
The population pharmacokinetic models were developed based on 1348 plasma and 276 urine concentration data collected from 54 healthy subjects, and 633 plasma and 30 dialysate concentration data collected from 37 subjects with varying renal function [35] . The 3-compartment model was selected as a structural model because this described the pharmacokinetic data of cefiderocol with varying renal function and posthemodialysis session better than the 2-compartment model [35] . The pharmacodynamic target implicated in the modeling was 75% ƒT > MIC, which is required to achieve a bactericidal effect based on the previously discussed animal infection models [14] [15] [16] . The Monte Carlo simulations using the population pharmacokinetic model from healthy subjects confirmed that the PTA at the dose of 2 g every 8 hours with either 1-or 3-hour infusion was achieved in >90% of patients for 75% fT > MIC with MICs ≤4 μg/mL. However, based on evidence in our preclinical investigation [25] and in clinical trials in terms of clinical cure rates with β-lactam antibiotics [8] , the prolonged infusion (ie, 3-hour infusion) was selected as the standard dose regimen for cefiderocol.
The dose regimens for patients with impaired renal function were adjusted for renal function groups (mild [eGFR of 60 to <90 mL/minute/1.73 m 2 ], moderate [eGFR 30 to <60 mL/minute/1.73 m 2 ], severe [eGFR <30 mL/minute/1.73 m 2 ], and ESRD [patients requiring hemodialysis]) based on the results in the renal impairment study [30] . The objective was to attain a daily AUC for patients with renal impairment that was comparable to that for subjects with normal renal function achieved with cefiderocol 2 g every 8 hours. Based on the modeling, the adjusted dose regimens would provide >90% PTA for 75% fT > MIC for strains with an MIC of ≤4 µg/mL in any impaired renal function group. The dose regimens based on renal function, including patients undergoing continuous or intermittent renal replacement therapy, are presented in Table 2 . A dose of 0.75 g every 12 hours with 3-hour infusion plus a supplemental dose of 0.75 g administered after a standard 4-hour hemodialysis session will provide >90% PTA for 75% fT > MIC of ≤4 μg/ mL in patients requiring intermittent hemodialysis [35] .
One of the target patient populations expected to receive cefiderocol will be seriously ill and/or ventilated patients, some of whom will have ARC [42, 43] . The Monte Carlo simulations of patients, with creatinine clearance (CrCL) up to 185 mL/minute The supplemental (third) dose of 0.75 g with 3-h infusion will be administered after the completion of intermittent hemodialysis on dialysis days. calculated by the Cockcroft-Gault equation [44] , demonstrated that a more frequent administration of cefiderocol (ie, 2 g every 6 hours, infused over 3 hours) would provide adequate drug exposure for >90% of patients with ARC (ie, >120 mL/ minute of CrCL) infected with strains with an MIC of ≤4 μg/mL [35] . As actual data for subjects receiving continuous renal replacement therapy (CRRT), including continuous venovenous hemofiltration (CVVH), continuous venovenous hemodialysis (CVVHD), and continuous venovenous hemodiafiltration (CVVHDF), are not available for cefiderocol, clearance with hemodialysis (CL HD ) of cefiderocol for CRRT was predicted based on the reported CL HD of cefepime for CRRT [45, 46] . The pharmacokinetic characteristics of cefiderocol [27, 30] are similar to those of cefepime [47] [48] [49] . The renal excretion in unchanged form (cefiderocol: 61.5-68.4%; cefepime: 80%), half-life (2-3 hours for both), and volume of distribution (cefiderocol: 13.5-26.6 L; cefepime: 16.9-19.3 L) are comparable between the 2 agents. The molecular weights of cefiderocol and cefepime are <1000 Da, which are in the dialyzable range. The unbound fraction (f u ) of cefiderocol is half of that of cefepime (cefiderocol f u : 0.422; cefepime f u : 0.8; respectively) [50] . Therefore, by adjusting the difference in f u , CL HD of cefiderocol by CRRT was considered predictable based on that of cefepime. Based on the predicted CL HD of cefiderocol, the plasma concentration profiles of cefiderocol in patients receiving CRRT [45] were simulated with the selected dose regimens of 1 g every 12 hours, 1.5 g every 12 hours, and 1.5 g every 12 hours for patients receiving CVVH, CVVHD, and CVVHDF, respectively. The PTA was >90% against bacterial strains with MICs ≤4 μg/mL at the selected dose regimens with 3-hour infusions for patients receiving CRRT.
POPULATION PHARMACOKINETICS IN PATIENTS WITH CUTI OR AUP
In the APEKS-cUTI study [33, 34] , the pharmacokinetics were evaluated based on plasma and urine concentrations of cefiderocol following a sparse sampling design, collecting blood samples for pharmacokinetic analysis (3× blood and 2× urine samples per patient) on day 3 during treatment. The population pharmacokinetic models were refined using additional data from 710 plasma concentrations from 238 patients treated in the study [36] . The population pharmacokinetic models were developed with each of 3 renal function markers: body surface area-adjusted eGFR, absolute eGFR, and CrCL. A clear relationship of CL of cefiderocol with each renal function parameter was found. Although CrCL was the best predictor of cefiderocol clearance, the final population pharmacokinetic models with all 3 renal function markers adequately described plasma cefiderocol concentrations. Body weight and the disease status (with or without infection) were significant covariates on the pharmacokinetics of cefiderocol. The CL and volume of distribution of cefiderocol in infected patients were 26% and 36% higher, respectively, than in subjects without infection, suggesting modestly lower exposure in patients with infection [36] .
The mean of urine cefiderocol concentrations for 8 patients in the cUTI study were 2710 μg/mL (range, 953-5520) at 2 hours after the start of infusion and 1520 μg/mL (range, 336-4220) at 6 hours after the start of infusion. These concentrations were much higher than the MIC values (median, 0.06 µg/mL [range, ≤0.004-8 µg/mL]; lowest concentration of the antibiotic at which 90% of the isolates were inhibited [MIC 90 ] 1 µg/mL) of the pathogens isolated in patients included in the analysis population [36] . Based on phase 1 clinical data [30] , in all renal impairment groups the urine concentration of cefiderocol was much higher than the MIC of a susceptible organism [unpublished data].
Our results in the APEKS-cUTI study [34] suggested that patients who are not critically ill may have augmented renal clearance (ie, 23 of 238 patients had CrCL ≥120 mL/minute), and potentially could be underdosed with β-lactams [37, 42, 51] . A more frequent dose (every 6 hours) was proposed for patients with ARC [35] .
CONCLUSIONS
Cefiderocol, a novel parenteral siderophore cephalosporin, exhibits potent efficacy in vitro and in vivo against most gram-negative bacteria, including carbapenem-resistant strains of Enterobacteriaceae, P. aeruginosa, A. baumannii, and S. maltophilia. Cefiderocol pharmacokinetics are linear. Cefiderocol is primarily excreted unchanged via the kidneys with elimination half-life of 2-3 hours. No accumulation of cefiderocol was observed following multiple dosing every 8 hours. The developed population pharmacokinetic models described the pharmacokinetics of cefiderocol well in healthy subjects, in subjects with varying renal function, and in patients with cUTI or AUP. Renal function markers were the most influential covariates on the pharmacokinetic profile, as expected. A 2-g dose every 8 hours, infused over 3 hours was selected as a standard dose regimen based on the PTA for target fT > MIC. Dose adjustment based on renal function is proposed to ensure that a similar exposure to cefiderocol can be achieved in patients with normal or impaired renal function as well as in patients with ARC. Of note, even if patients with an infection are not critically ill, they may have ARC, as observed in the APEKS-cUTI study. The target exposures with the proposed dose regimens are conservatively estimated to provide a bactericidal activity in plasma for gram-negative pathogens with MICs of ≤4 µg/mL. The comprehensive PK/PD profiling of cefiderocol, a novel siderophore cephalosporin, is promising in terms of dosing recommendations provided for a range of patient populations with varying renal function or disease status. Based on available evidence, cefiderocol was well tolerated in phase 1 studies as described above, and in a phase 2 study in patients with cUTI [34, 52] .
